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ABSTRACT The neurotransmitter glutamate is neuro-
toxic when it is accumulated in a massive amount in the
extracellular f luid. Excessive release of glutamate has been
shown to be a major cause of neuronal degeneration after
central nervous system injury. Under normal conditions,
accumulation of synaptically released glutamate is prevented,
at least in part, by a glial uptake system in which the
glia-specific enzyme glutamine synthetase (GS) plays a key
role. We postulated that glial cells cannot cope with glutamate
neurotoxicity because the level of GS is not high enough to
catalyze the excessive amounts of glutamate released by
damaged neurons. We examined whether elevation of GS
expression in glial cells protects against neuronal degenera-
tion in injured retinal tissue. Analysis of lactate dehydroge-
nase eff lux, DNA fragmentation, and histological sections
revealed that hormonal induction of the endogenous GS gene
in retinal glial cells correlates with a decline in neuronal
degeneration, whereas inhibition of GS activity by methionine
sulfoximine leads to increased cell death. A supply of purified
GS enzyme to the culture medium of retinal explants or
directly to the embryo in ovo causes a dose-dependent decline
in the extent of cell death. These results show that GS is a
potent neuroprotectant and that elevation of GS expression in
glial cells activates an endogenous mechanism whereby neu-
rons are protected from the deleterious effects of excess
glutamate in extracellular f luid after trauma or ischemia. Our
results suggest new approaches to the clinical handling of
neuronal degeneration.

Glutamate neurotoxicity plays an important role in the process
of neuronal degeneration after trauma or focal ischemia (for
reviews, see refs. 1 and 2). Glutamate, a neurotransmitter that
mediates normal excitatory synaptic transmission by interac-
tion with postsynaptic receptors, is neurotoxic when present in
excessive amounts. Injured neurons release massive amounts
of glutamate, which induce neuronal cell death by continuous
overexcitation of postsynaptic receptors. In this way, the initial
trauma is amplified and causes the damage to spread to
neighboring cells. Under normal conditions, the synaptically
released glutamate is taken up into glial cells, where it is
converted into glutamine by the glia-specific enzyme glu-
tamine synthetase [GS; L-glutamate:ammonia ligase (ADP-
forming); EC 6.3.1.2]; glutamine reenters the neurons and is
hydrolyzed by glutaminase to form glutamate, thus replenish-
ing the neurotransmitter pool (3, 4). This biochemical pathway
fails, however, to prevent glutamate neurotoxicity after insult.
We hypothesized that GS is a limiting factor in this process and
that its level in glial cells is not high enough to catalyze the
excessive amounts of glutamate released by damaged cells. If

this is the case, an increase in GS expression should have
neuroprotective benefits.

To examine the neuroprotective potential of GS, it is
necessary to employ an experimental system in which expres-
sion of GS can be modulated. The embryonic chicken retina is
eminently suitable for this kind of study because the level of GS
in this tissue can be closely regulated by glucocorticoids (5–8).
Glucocorticoids regulate GS expression at the transcriptional
level and induce a marked increase in GS enzyme activity in
Muller glial cells (9–13). Retinal tissue is also an established
paradigm for glutamate neurotoxicity: (i) glutamate serves as
a neurotransmitter in photoreceptors, bipolar cells, and gan-
glion cells (14); (ii) insult leads to accumulation of relatively
high levels of glutamate in the extracellular fluid (15, 16); (iii)
administration of glutamate leads to neuronal cell death
(17–19); and (iv) glutamate receptor antagonists can protect
against neuronal degeneration (20). Here we used the retinal
tissue to demonstrate that elevation of GS expression in glial
cells by induction of the endogenous gene or exogenous supply
of the purified enzyme can protect against neuronal cell
degeneration.

MATERIALS AND METHODS

Tissue Preparation and Treatment. Retinas were isolated
under sterile conditions from chicken embryos (White Leg-
horn) at days 15–17 of embryonic development (E15–E17).
The tissue was placed in CMF buffer (137 mM NaCly2.7 mM
KCly8 mM Na2HPO4y1 mM KH2PO4y5.5 mM glucose) and
cut into pieces of about 10 mm2. This process of tissue insult
was termed trauma. The tissue pieces were cultured in 25-ml
Erlenmeyer flasks, one retina per flask, in 3 ml of Krebs
medium (118 mM NaCly4.8 mM KCly2.4 mM CaCl2y1.2 mM
KH2PO4y1.2 mM MgSO4y1.2 mM glucosey25 mM NaHCO3,
pH 7.4). The flasks were gassed with 95% airy5% CO2, sealed,
and incubated on a gyratory shaker (65 rpm) at 38°C. To
simulate exposure of the tissue to ischemic conditions, the
retinal pieces were cultured in glucose-free Krebs medium in
Erlenmeyer flasks that were gassed for 50 min with N2. After
the first hour of incubation, the Krebs medium in tissues
exposed to trauma and to ischemia was replaced by serum-free
Bio-MPM medium (Biological Industries, Kibbutz Beit
Haemek, Israel). The flasks were gassed with 95% airy5%
CO2, sealed, and incubated on a gyratory shaker for a further
3–48 h. After 24 h the medium was changed again. Medium
samples were collected for lactate dehydrogenase (LDH)
analysis.

To induce GS expression in the organ-cultured retina,
cortisol (Sigma) was added to the medium to a final concen-
tration of 0.33 mgyml. GS expression in ovo was induced by
injecting 0.001–2 mg of hydrocortisone 21-phosphate (Sigma),
dissolved in 0.1 ml of distilled water, extraembryonally into the
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amniotic cavity by using a 25-gauge needle that was inserted
through the shell at the blunt end of the egg. The shell was
sealed with cellophane tape and the eggs were incubated for
additional 24 or 48 h before the retina was excised. In some
experiments, L-methionine sulfoximine (MSO; Sigma), a spe-
cific GS inhibitor, or DL-buthionine-[S,R]-sulfoximine (Sig-
ma), a close derivative that was used as a control, were
coinjected (1 mg in 0.1 ml of distilled water per egg).

Supply of Purified GS Enzyme. GS, purified from sheep
brain (Sigma), was stabilized in a lipid environment before use.
Briefly, L-a-phosphatidylcholine Type IIS from soybean (Sig-
ma) was dispersed in distilled water at an initial concentration
of 20 mgyml, briefly sonicated, and subjected to centrifugation
at 10,000 3 g for 5 min. The supernatant was collected and
used to prepare stock solutions of the GS enzyme for addition
to the culture medium or injection into fertilized eggs at a
dilution of 1:10. The enzyme (100 ml) was injected extraem-
bryonally into the amniotic cavity by inserting a 25-gauge
needle through the shell at the blunt end of the egg. To inject
the enzyme behind the eyeball, a window 25 mm in diameter
was cut in the shell at the blunt end, and the enzyme was
injected (50 ml) using a 25-gauge needle. Control eggs were
injected with carrier. The shell was sealed with cellophane tape
and the eggs were incubated for additional 24 or 48 h before
the retina was excised.

LDH and GS Assays. Neuronal degeneration was quantita-
tively assessed by measurement of LDH release into the
culture medium as described (21). Briefly, samples of culture
medium (25 ml) were added to freshly prepared LDH substrate
buffer (0.76 mM sodium pyruvatey85 mM NADH in 0.1M
KH2PO4 buffer, pH 7.5) at room temperature. Absorbance of
the reaction mixture at 340 nm was measured with a spectro-
photometer for 1 min, and the amount of LDH released by a
single retina (108 cells) was calculated in units from the slope
of the absorbance curve. One unit is the amount of LDH that
will cause a decrease of 0.001ymin in the absorbance of a 1-ml
reaction mixture. Because the culture medium was changed
after the first hour of incubation, the amount of LDH mea-
sured in the discarded medium was added to the amount of
LDH release at later time points. GS activity was measured in
tissue sonicates as described (22). Its specific activity was
expressed as micromoles of g-glutamylhydroxamate per hour
per milligram of protein.

Quantitation of DNA Fragmentation. DNA fragmentation
was assayed as reported (23). Retinal tissue was washed in
CMF buffer and homogenized by 10 strokes with pestle A and
10 strokes with pestle B in a Dounce homogenizer in cold lysis
buffer [20 mM EDTAy0.5% (volyvol) Triton X-100y5 mM
TriszCl, pH 7.4]. The homogenate was incubated for 15 min on

FIG. 1. LDH release by retinal tissue exposed to trauma or
ischemia. Retinal tissue from E17 embryos was exposed to trauma by
the process of excising the tissue and subsequently cutting it into
pieces. The tissue was organ-cultured for 24 h, and LDH release was
measured in samples of the culture medium 1, 4, and 24 h after tissue
excision (solid bars). E17 retina was exposed to ischemia by organ-
culturing the tissue pieces for 50 min in glucose-free medium in flasks
that were gassed with 95% N2y5% CO2 (hatched bars). In some
experiments the culture medium of the ischemic tissue contained the
glutamate antagonist ketamine (10 mMyml) (open bars). The levels of
LDH were measured in medium samples 1, 4, and 24 h after tissue
excision. Each bar represents the mean 6 SD of three separate
experiments, each performed in triplicate (n 5 9).

FIG. 2. Inverse correlation between GS induction and LDH re-
lease. (A) Cortisol (1 mg per egg) was injected into E15, E16, or E17
eggs, which were then incubated for an additional 48, 24, or 4 h,
respectively. Retinal tissue was excised, cut into pieces, and organ-
cultured for 4 h. The levels of GS in the tissue and of LDH in the
culture medium were measured. (B) E15 eggs were injected with
cortisol in the indicated amounts and incubated for an additional 48 h.
Retinal tissues were excised, cut into pieces, and organ-cultured for 4 h.
The level of GS in the tissue and of LDH in the culture medium was
measured. (C) E15 eggs were coinjected with cortisol (1 mg per egg)
and MSO (1 mg per egg), buthionine sulfoximine (BSO; 1 mg per egg),
or carrier. The eggs were incubated for an additional 48 h before the
retina was excised. Retinal explants were cut into pieces and organ-
cultured for 4 h. The levels of GS in the tissue and of LDH in the
culture medium were measured. The levels of GS and LDH obtain
after coinjection of cortisol and carrier were given the arbitrary value
of 100. Results are means 6 SD of three independent experiments,
each performed in duplicate (n 5 6).

Neurobiology: Gorovits et al. Proc. Natl. Acad. Sci. USA 94 (1997) 7025



ice before centrifugation for 15 min at 27,000 3 g to separate
intact chromatin (pellet) from DNA fragments (supernatant).
Fragmented DNA was extracted twice with phenol chloro-
form, precipitated overnight with 2 volumes of ice-cold etha-
nol at 220°C, washed with 70% ethanol, air-dried, and resus-
pended in TE buffer (10 mM TriszHCly1 mM EDTA, pH 8.0).
DNA samples, each prepared from an equal number of cells,
were fractionated by electrophoresis in 1.8% agarose gels. The
gels were stained with ethidium bromide, visualized by UV
light, and photographed. DNA fragmentation was quantitated
by densitometric scanning of the pictures.

Histology and Immunohistochemistry. E17 retinas excised
from treated or untreated eggs were fixed with Carnoy’s
fixative and embedded in paraffin either immediately after
excision or after being cultured for 4 h. Paraffin sections (5
mm) were stained either with hematoxylinyeosin or by the
indirect immunofluorescence method. For immunofluores-
cence, sections were stained with rabbit anti-GS antiserum
(kindly provided by A. A. Moscona, University of Chicago,
Chicago) and then with fluorescein-conjugated anti-rabbit
antibodies (Sigma). Antibody binding was detected by immu-
nofluorescence with epi-illumination from a UV source.

RESULTS

Induction of GS Expression by Glucocorticoids Protects
Against Neuronal Degeneration. Excision of retinal tissue
from E17 embryos and subsequent cutting of the tissue into
pieces injured many cells and caused substantial cell death.
This trauma was manifested by a massive and progressive
release of LDH, which is a quantitative measure of the extent
of cell degeneration (ref. 21; Fig. 1). LDH efflux increased
even further upon exposure of the tissue to ischemic condi-

tions, and this increase was largely prevented by the addition
of ketamine, an N-methyl-D-aspartate-receptor antagonist.
This finding is in agreement with previous observations sug-
gesting that insult-induced retinal cell degeneration is medi-
ated by glutamate (20). All of the experiments described below
were carried out with retinal tissues exposed to both trauma
and ischemia. Because the results were quite similar, we
present here only those obtained with traumatized tissue.

Supplying cortisol in ovo to the embryo or to retinal explants
did not affect the level of LDH expression (data not shown) but
induced a progressive increase in the level of GS. The increase
in GS correlated inversely with the level of LDH released by
the injured tissue (Fig. 2A). Supplying cortisol to the embryo
48 h before insult resulted in a 15-fold increase in GS activity
and a 40% decline in LDH release, whereas supplying cortisol
24 h before insult induced a 7-fold increase in GS activity and
a 20% decline in LDH release. These effects were dose-
dependent; at low levels of cortisol, GS activity was low and
LDH release was high, whereas at higher levels of cortisol, GS
activity was high and LDH release was low (Fig. 2B). The
inverse correlation between LDH release and GS activity
suggests that GS might be functionally implicated in protection
against neuronal degeneration.

To demonstrate the causative role of GS in this process, we
examined the effect of MSO, an inhibitor of GS activity (24),
on the extent of neuronal degeneration (Fig. 2C). Buthionine
sulfoximine, a close derivative that does not inhibit GS activity,
was used as a control. As expected, MSO caused a dramatic
decline in GS activity, whereas buthionine sulfoximine did not
affect it. MSO-induced inhibition of GS activity caused a 50%
increase in the extent of LDH release. These results strongly
suggest that the protective activity of cortisol is mediated, at
least in part, by GS.

The protective effect of cortisol was also evaluated by
analysis of histological sections (Fig. 3). Traumatized tissue, 4 h
after insult, differed conspicuously in several respects from the
normal appearance of uncultured retina. The inner region of
the inner nuclear layer, the inner plexiform layer, and the
ganglion cell layer appeared edematous and contained numer-
ous cells with pyknotic nuclei. Addition of cortisol 48 h before
tissue excision prevented these pathological changes, although
mild cytopathology could be observed in some of the sections.

FIG. 3. Morphological evidence for cortisol protection against
neuronal degeneration. E15 eggs were injected with cortisol (1 mg per
egg) (A) or carrier (B) and incubated for an additional 48 h before the
retina was excised. Retinal explants were cut into pieces, organ-
cultured for 4 h, and then embedded in paraffin. Untreated E17 retina
was embedded immediately after excision (C). Paraffin sections were
stained with hematoxylinyeosin. (Bar 5 20 mm.)

FIG. 4. Internucleosomal DNA fragmentation is attenuated by
cortisol. E15 eggs were injected with cortisol (1 mg per egg; lane 4) or
carrier (lane 3) and incubated for an additional 48 h before the retina
was excised. Retinal explants were cut into pieces and organ-cultured
for 24 h. DNA was extracted, and samples from an equal numbers of
cells (5 3 107 cells per lane) were analyzed by gel electrophorsis and
visualized with the fluorescent intercalating dye ethidium bromide.
DNA was extracted from untreated E17 retina immediately after tissue
excision (lane 2). Molecular weight markers are from a HaeIII digest
of ØX174 phage DNA (lane 1).
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Several studies have suggested the involvement of apoptosis in
insult-induced neuronal degeneration (25–28). We therefore
examined whether the protective effect of cortisol could also
be demonstrated by analysis of internucleosomal DNA frag-
mentation, a phenomenon associated with apoptosis (Fig. 4).
Internucleosomal DNA fragmentation, identified by gel elec-
trophoresis, increased markedly upon insult. Addition of cor-
tisol 48 h before tissue excision caused a 40% decline in the
extent of DNA fragmentation. Thus, both qualitative and

quantitative assessment of neuronal degeneration, by analysis
of LDH efflux, histological sections, and DNA fragmentation,
all indicated that a cortisol-induced increase in GS expression
is correlated with a decline in cell degeneration.

Purified GS Can Protect Against Neuronal Degeneration.
In attempting to demonstrate the protective effect of GS, the
most direct approach is to use the purified enzyme itself. We
supplied increasing amounts of GS from sheep brain to the
culture medium of retinal explants and measured the levels of
LDH release. GS caused a dose-dependent decline in LDH
release (Fig. 5A). At 10 units per retina, GS provided 50%
protection against neuronal degeneration. The effect was even
more dramatic when GS was supplied in ovo directly to the
embryo (Fig. 5B). Immunohistochemical staining of retinal
sections with anti-GS antibodies (Fig. 6A) indicated that the
enzyme, injected extraembryonally into the amniotic cavity or
intraembryonally behind the eyeball, diffused into the retinal
tissue within 1 h. Judging from the staining intensities, GS level
in retinas from enzyme-injected embryos were similar to those
in cortisol-injected ones (Fig. 6C). However, staining effi-
ciency might depend on the cellular localization of the enzyme,
which is intracellular in the case of hormonal induction and
extracellular when the enzyme is supplied directly. Injection of
GS caused a dose-dependent decline in LDH release, whereas
injection of ovalbumin or of heat-inactivated GS had no effect
(Fig. 5B). GS could substantially reduce the extent of LDH
release if supplied 24 h before insult but lost its protective
activity between 24 and 48 h of injection (Fig. 5C). The
protective effect of the injected GS could also be demonstrated

FIG. 5. Supply of purified GS enzyme in vitro or in ovo reduces the
extent of LDH release. (A) E17 retina was excised, cut into pieces, and
organ-cultured in the absence (2) or presence of purified GS enzyme
in the indicated unit amounts. The level of LDH in the culture medium
was measured after 4 h. Each bar represents the mean 6 SD of two
separate experiments, each performed in triplicate (n 5 6). (B) E17
eggs were injected with carrier (2), with purified GS enzyme in the
indicated unit amounts (1 to 8 units per egg), with ovalbumin (20 mg
per egg; OVA), or with heat-inactivated GS enzyme (2 units per egg;
IGS). The injected eggs were incubated for 2 h before the retina was
excised. Retinal explants were cut into pieces and organ-cultured for
4 h, and the level of LDH in the culture medium was then measured.
Each bar represents the mean 6 SD of two separate experiments, each
performed in quadruplicate (n 5 8). (C) E15, E16, and E17 eggs were
injected with purified GS enzyme (2 units per egg). Retinas were
excised from the injected E17 eggs immediately (2) or after 2 or 4 h
of incubation. Injected E16 and E15 eggs were incubated for an
additional 24 or 48 h, respectively, before the retinal tissues were
excised. Tissue explants were cut into pieces and organ-cultured for
4 h, and the level of LDH in the culture medium was then measured.
Each bar represents the mean 6 SD of two separate experiments, each
performed in quadruplicate (n 5 8).

FIG. 6. Morphological evidence for protective effects of the puri-
fied GS enzyme. E17 eggs were injected with purified GS enzyme (2
units per egg; A and D) or with carrier (B and E) and incubated for
2 h before the retinas were excised. Retinal explants were embedded
immediately after excision (A and B) or were cut into pieces, organ-
cultured for 4 h, and then embedded in paraffin (D and E). Paraffin
sections were stained with rabbit anti-GS-specific antiserum and with
goat anti-rabbit IgG (A and B) or with hematoxylinyeosin (D and E).
E15 eggs were injected with cortisol (1 mg per egg) and incubated for
an additional 48 h before the retina was excised. The excised tissue was
embedded in paraffin, and histological sections were stained with
rabbit anti-GS-specific antiserum and with goat anti-rabbit IgG (C).
Untreated E17 retina was embedded immediately after excision and
stained with hematoxylinyeosin (F). (Bar 5 25 mm.)
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by inspection of histological sections. As in the case of cortisol
(Fig. 3), injection of GS 1 h before insult prevented the
pathological changes observed in traumatized tissue (Fig. 3
D–F), although mild cytopathology could be observed in some
sections. These results clearly demonstrated that GS is an
efficient neuroprotectant that can reach the retinal tissue when
injected into the egg and can also exert its protective activity
in the extracellular fluid.

DISCUSSION

The results of this study demonstrate that GS is a potent
neuroprotectant and that elevation of GS expression in glial
cells activates an endogenous neuroprotective mechanism that
markedly reduces the extent of neuronal degeneration in
retinal tissue after its exposure to trauma or ischemia. Trauma
or ischemia caused extensive cell degeneration in the retinal
tissue, which could be assessed in terms of LDH efflux, DNA
fragmentation, and histological appearance. The protective
effect of ketamine, as well as of other glutamate antagonists
(20), points to the involvement of glutamate neurotoxicity in
this process. Elevation of GS expression in Muller glial cells by
hormonal induction of the endogenous gene protects against
neuronal degeneration. The beneficial effect of elevated GS
appears to be related to the ability of the enzyme to catalyze
the amidation of glutamate to the nontoxic glutamine because
inhibition of GS activity by MSO caused an increase in cell
death.

Under normal conditions, amidation of glutamate to glu-
tamine occurs in glial cells, which are the only cells in the
retinal tissue that express GS (12, 29, 30). This could also be
the case in injured tissue. Glutamate is transported into glia
and is converted by GS to glutamine, which is subsequently
exported from the cells. The increase in GS expression as a
consequence of hormonal induction might cause an acceler-
ated transport of postsynaptic glutamate into glia and thus
protect against neurotoxicity. Alternatively, in injured tissue
GS might catalyze the conversion of glutamate to glutamine
not only intracellularly but also, or perhaps predominantly,
outside the cells. Trauma or ischemia might damage glial cells
and trigger the release of active GS into the extracellular fluid
so that the enzyme can act directly on postsynaptic glutamate.
Hormonal induction of GS expression might result in more
abundant availability of GS in the extracellular space, provid-
ing better protection against glutamate neurotoxicity. This
latter scenario seems quite plausible, in view of our finding that
purified GS can exert its protective activity in the extracellular
fluid. The purified enzyme, which consists of eight subunits
and has a molecular mass of about 500,000 Da (31), probably
remains in the extracellular milieu when injected into a
fertilized egg or added to the culture medium of retinal tissue.
Nevertheless, its protective activity is as efficient as that of the
endogenously induced enzyme. Also of relevance is our recent
finding that GS activity can be detected in the culture medium
of injured retina (unpublished data). The level of GS in the
culture medium is proportional (about 2%) to that found in the
tissue, suggesting that after injury the damaged glial cells
release GS into the extracellular fluid. These findings support
the notion that, in injured tissue, GS might also exert its
protective activity in the extracellular space. Interestingly, this
enzyme can be detected in the cerebrospinal f luid of patients
in advanced stages of Alzheimer disease (32). In some in vivo
injury paradigms, neuronal degeneration is accompanied by an
increase in astrocyte GS (33–36). This increase has been
attributed to reactive astrocytosis that occurs in response to
neural insults and might be part of an endogenous mechanism
for neuroprotection.

The ability of glucocorticoids, such as cortisol, to induce GS
expression and protect against neuronal degeneration might be
directly related to findings obtained in a clinical trial. It was

demonstrated that treatment with high doses of glucocorticoid
(methylprednisolone) improves neurological recovery of pa-
tients with acute spinal cord injury (37). Early treatment
(within the first 8 h of injury) was essential for the beneficial
effect. Similar results were also obtained in animal models of
spinal cord and brain injury (38, 39), as well as after retinal
photic injury (40, 41). The molecular mechanism underlying
these effects is not known. However, on the basis of the results
presented in this study, we propose that neurological recovery
might be due, at least in part, to induction of GS expression in
the injured tissue. Our results highlight some potential weak-
nesses of glucocorticoid treatment. Induction of GS expression
by glucocorticoids is a time-consuming process. Glucocorti-
coids regulate GS expression by stimulating transcription of
the gene, and it takes about 24 h to obtain a significant increase
in the enzyme itself. This might explain why glucocorticoids
must be supplied early to achieve a beneficial effect and
suggests that, in planned neurological interventions, prophy-
lactic administration of glucocorticoids might be advisable.
Hormonal induction of GS expression might also depend on
particular physiological conditions. We and others (9, 42, 43)
have demonstrated, for example, that GS induction depends
on cell-to-cell contacts between glia and neurons. Thus, the
extent of GS induction in an injured tissue might depend on the
severity of the insult and on its anatomical location. The
finding that the purified enzyme can protect against neuronal
degeneration offers a way to circumvent these obstacles and
suggest new approaches to clinical handling of glutamate-
mediated neuronal degeneration.
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